The relationships between the catalyst physicochemical properties and its photocatalytic activity have been investigated and elucidated in the photodegradation of the organophosphate insecticide methylparathion. The photocatalytic degradation was investigated by using a sol-gel synthesized Bi 3+ -doped TiO 2 nanocatalyst (using doping concentrations up to 2 wt% Bi 3+ ) under UV-A light in aqueous suspension. The prepared photocatalysts were characterized by X-ray diffraction, (environmental) scanning electron microscopy, transmission electron microscopy, energy dispersive X-ray analysis, IR-UV-visible absorption spectra, X-ray photoelectron emission spectroscopy and room-and low-temperature photoluminescence spectra. The photodegradation and mineralization products of methylparathion were analyzed by high performance liquid chromatography, dissolved organic carbon and ion chromatography techniques. The experiments demonstrated that the presence of Bi 3+ in TiO 2 catalysts substantially enhances the photocatalytic degradation of methylparathion in aqueous suspension.
Introduction
Endocrine disrupting chemicals (EDCs) have been shown to produce changes in the endocrine system of organism that may lead to increase in cancers and abnormalities in reproductive structure and function. Recent research has highlighted the existence of hormonally active compounds in sewage and industrial effluents and their potential for recycling back into the environment including drinking water supplied through point and non-point sources. On the other hand, surplus pesticides, even though within their expiration limits, will become a burden when their future use is prohibited by legislation due to toxicological or environmental concerns.
Furthermore, the Food and Agricultural Organization of the United Nations (FAO) has estimated that more than 400 kilotonnes of obsolete pesticides are stocked worldwide [1, 2] . The disposal of EDCs such as pesticides, fungicides and insecticides can cause serious environmental problems due to the chemical toxicity of the active ingredients in the formulations and sometimes, of their decomposition products.
Methylparathion is one of the most widely-used organophosphate insecticides. Its widespread use has caused environmental concern due to its frequent leakage into surface and ground waters. It is acutely toxic to mammals, for example the oral LD 50 for rats is in the range 18-50 mg kg -1 . It acts by inhibiting the enzyme acetyl cholinesterase in nerve tissue. An ideal treatment method for such pesticide wastes should be non-selective, achieve rapid and complete degradation to inorganic products and be suitable for small-scale wastes. Possible methods include biodegradation, chemical reaction, physical entrainment, and incineration. Entrainment is losing acceptance as a final solution for waste disposal. Incineration is prohibitively expensive for dilute aqueous wastes because of high-energy requirements and transport costs.
Biodegradation and chemical reaction, especially oxidative photodegradation, look to be the most promising methods.
Various innovative technologies have been proposed for methylparathion treatment.
These include the use of UV radiation and hydrogen peroxide [3, 4] , ultrasonic irradiation [5] , or mercury promoted hydrolysis [6] . The major disadvantage of these technologies is that they are designed for decontamination of aqueous solutions with very low active ingredient contents and are not suitable for degrading higher concentrations of unwanted pesticides. Furthermore, the use of mercury species is to be discouraged. Among various oxide semiconductor photocatalysts, TiO 2 is known as one of the most effective for the degradation of organic pollutants and its photocatalytic behavior has been studied extensively [7, 8] . Although TiO 2 catalysts are capable of decomposing a wide variety of organic and inorganic pollutants and toxic materials in both liquid and gas phase systems [9, 10] , the fast recombination rate of photogenerated electron-hole pairs prevents the commercialization of this technology. For this reason, much attention has been paid to doping the material with transition and noble metals. The presence of heavy metals, such as Pt, Pd, Au and Ag has been demonstrated to enhance the degradation efficiency of photocatalytic reactions [11, 12] .
The present work focuses on the preparation, characterization and application of Bi 
Experimental

Materials
Titanium tetra-n-butoxide (Ti(O-Bu) 4 ) and bismuth nitrate (both AR analytical grade, Aldrich Chemical Company, USA) were used as titanium and bismuth sources for the preparation of TiO 2 and Bi-TiO 2 photocatalysts. Methylparathion was obtained from the Pesticide Testing Laboratory, Tamil Nadu Agricultural University, India (AR grade) and used without further purification. Deionised, doubly distilled water was used for the preparation of all solutions. Water and acetonitrile (International Laboratory, USA -HPLC-grade) were used as HPLC eluents.
Preparation of photocatalysts
The bismuth doped TiO 2 samples (Bi-TiO 2 ) were prepared by the sol-gel method in which 21 ml of Ti(O-Bu) 4 was dissolved in 80 ml of absolute ethanol, and the resulting solution was stirred vigorously. Then 2 ml of water and 0.5 ml of acetic acid (50%) were added to another 80 ml of ethanol to make an ethanol-water-acetic acid solution. The latter solution was slowly added to the Ti(O-Bu) 4 are expressed as wt%.
Characterization of photocatalysts
The crystalline phases of the synthesized TiO 2 and Bi-TiO 2 catalysts were analyzed by X-ray powder diffraction using a X-ray diffractometer (XRD Philips PW3020) with Cu K  radiation ( = 0.154060 nm). An accelerating voltage of 40 kV and an emission current of 30 mA were used. The texture and morphology of the prepared samples were measured by (environmental) scanning electron microscopy (ESEM Phillips XL30), fitted with an EDX accessory. The diffraction pattern and interplanar spacings of the neat and doped catalysts were examined by TEM using a with MgO as reference. The transmission absorption spectra of TiO 2 -Bi (1%) in a KBr disc (0.63 wt%) was recorded in the infrared (by a Nicolet Avatar 360 FTIR instrument) and ultraviolet (by an Agilent 8453 instrument) regions. X-ray photoelectron spectra (XPS) were recorded by a PHI Quantum ESCA Microprobe system using a MgK  excitation source. Calibration of the spectra was done at the C 1s peak of surface contamination taken at 1253.6 eV. The fitting of XPS curves was performed using Multipak 6.0A software.
Set up of photocatalytic reactor
Photodegradation studies of methylparathion were carried out in the photocatalytic reactor system shown in [ Fig. 1] 
Experimental procedure
In order to investigate the effects of bismuth doping on the photocatalytic activity of . Prior to photoreaction, the suspension was magnetically stirred in a dark condition for 30 min to establish an adsorption/desorption equilibrium condition. The aqueous suspension containing methylparathion and photocatalyst was then UV-A irradiated with constant aeration.
At the given time intervals, the analytical samples were taken from the suspension and immediately centrifuged at 4000 rpm for 15 min, then filtered through a 0.45 m Millipore filter to remove particles. The filtrate was analyzed by HPLC, DOC and IC for the degree of the methylparathion degradation.
Analytical methods
The methylparathion concentration was analyzed by a HPLC instrument with a UV-VIS detector (Finnigan Mat Spectra System P4000). In the HPLC analysis, a pinnacle II C18 column 
Characterization of photocatalysts
XRD analysis of TiO 2 and Bi-TiO 2 photocatalysts
The crystalline quality and crystal structure of TiO 2 and Bi-TiO 2 samples were examined by XRD and the diffactograms are shown in Fig. 2 . It has been reported by several groups [13, 14] that sol-gel samples of TiO 2 undergo a phase transformation from anatase to rutile phase during sintering treatment. In this study all the samples were sintered at 500 o C for 2 h in a muffle furnace and the diffractograms in Fig. 2 reveal that all the Bi-TiO 2 and pure TiO 2 samples possess the anatase phase. No additional peaks are detected.
[ Fig. 2 ]
Based on the XRD results, the crystallite sizes of the TiO 2 and Bi-TiO 2 powders were calculated using the Scherrer equation [17] and were found to be between 16 and 22 nm. The lattice parameters a and c [18] were measured as 0.38 nm and 0.95 nm in all samples. The doping of up to 2% Bi 3+ into the TiO 2 lattice therefore does not give significant changes in the diffractograms. Similar conclusions have previously been made by Xu et al. [19] showing that XRD is not sensitive enough to detect such minor changes to the TiO 2 materials.
ESEM, TEM and EDX analyses of TiO 2 and Bi-TiO 2 photocatalysts
The texture and morphology of the pure TiO 2 sample in comparison with 1%-doped BiTiO 2 were also observed by electron microscopy and the typical ESEM micrographs shown in EDX analysis was carried out for neat and doped TiO 2 using SEM, TEM and ESEM. 
Optical absorption properties of photocatalysts
The FTIR spectra of the photocatalysts diluted and pressed in KBr discs show a strong, broad feature between 470 and 690 cm -1 , due to Ti-O stretching vibration modes. Weak features are observed at ~3430 and 1630 cm -1 , due to adsorbed water. These latter two bands are also present in the KBr disc alone. The UV-visible absorption spectra of Bi-TiO 2 samples were measured in the wavelength range 250-800 nm at room temperature using transmission spectra and between 350-500 nm using DRS. The transmission spectrum of a KBr disc of (1%) Bi-TiO 2 exhibits an increasing absorption at wavelengths below 500 nm. A clearer comparison of the doped and neat samples is given by DRS (Fig. 6) where it is evident that increasing the %Bi 3+ doped into the sample gives rise to longer wavelength absorption. Extending the absorption of TiO 2 further into the visible region is expected to provide enhanced photocatalytic behaviour. A brief discussion is now given concerning the reasons for the long wavelength tail in the doped photocatalysts.
[ Fig. 6 ] According to theory [20] , semiconductors absorb light below a threshold wavelength  g (the fundamental absorption edge). [19] ; whereas the third comprises (TiO 4 ) 4-tetrahedra and a Bi-O polyhedral network [25] . All compounds exhibit two characteristic features. First, the band gap is reduced from that of TiO 2 , with the energy band assumed to be between the top of the (lone pair) Bi 3+ 6s band and the bottom of the Ti 4+ 3d band [25] . Thus the absorption spectra extend to longer wavelengths so that lower energy photons can be absorbed for photoreaction.
Second, the positively-charged Bi-O polyhedra can function as electron sinks, which has repercussions for the photoluminescence and photocatalytic properties.
PL spectra of the photocatalysts
The PL spectra are useful to disclose the efficiency of charge carrier trapping, migration and transfer, and to understand the nature of electron-hole pairs in semiconductor particles since PL emission results from the recombination of free carriers. In this study, the 325 nm excited room temperature PL spectra of all pressed-powder samples were examined in the range of 350- again acts as a trapping centre.
[ Fig. 7] 
Photocatalytic degradation of methylparathion
Photocatalyst activity for the degradation of methylparathion
In order to determine the photocatalytic activity of Bi-TiO 2 and find out the optimum content of Bi impurity, a set of experiments for methylparathion degradation under UV-A irradiation was carried out in aqueous suspension with either TiO 2 or different Bi-TiO 2 catalysts with a Bi content between 0.3% and 2%, and the experimental results are shown in Fig. 8 . The experiments demonstrated that methylparathion was degraded by more than 95% within 120 min for all catalysts including pure TiO 2 . However, the Bi-TiO 2 catalysts attained faster degradation rates than the neat TiO 2 catalyst. For example, the experiment using 1.5% Bi-TiO 2 achieved a complete degradation of methylparathion at 90 min. It was found that pseudo-first-order kinetics was obeyed for the photocatalytic degradation of methylparathion as illustrated in Fig. 8 . The calculated first-order kinetic constants are listed in Table 1 clusters.
[ Fig. 8 ]
The reactive radicals formed in the photocatalytic process further react with organic and inorganic compounds adsorbed on TiO 2 and oxidize or reduce them. Generally speaking, the photocatalytic activity of TiO 2 mainly depends upon three factors: (1) photocatalyst is superior to neat TiO 2 for methylparathion degradation since the degradation rate is almost doubled. As mentioned above, the most effective photocatalysts are in the regime of 0.7-1.5% Bi 3+ doping. This efficiency is ascribed to process (2) in which the Bi-O polyhedral centres act as traps for photogenerated electrons and deter the pair recombination process.
Effect of pH on the degradation of methylparathion
The effect of pH upon the photocatalytic degradation of methylparathion by Bi-TiO 2 was investigated by performing the degradation study in the initial pH range of 2 to 10 for 1% Bi ). The amphoteric behaviour of many metal oxides changes the surface charge properties of the catalyst when the pH changes. For Bi-TiO 2 , increasing the solution pH diminished the adsorption of methylparathion. The zero-point charge pH zpc is 6.8 for TiO 2 particles (Degussa) [29] . In the Bi-TiO 2 system, TiO 2 is more positively charged in an acidic medium (pH < 6.8) than in an alkaline medium (pH > 6.8) based upon the zero point charge. Hence, at lower pH methylparathion, which has electronegative centres (N and S), can have enhanced adsorption on the catalyst surface. This effect acts to increase the degradation of methylparathion at lower pH. It was also observed from mass balance experiments performed in the dark that very little methylparathion is actually adsorbed onto the catalyst. The rate of photodegradation therefore has the bottleneck of adsorption. In this study, all the experiments with different initial pH values were conducted without a pH control. It was found that pH decreased during the photocatalytic degradation of methylparathion. For example, the reaction solution with an initial pH 7 was run for 120 min with a final pH 3.6. These results indicate that the products of methylparathion degradation contain a certain amount of acidic compounds:
either organic acids such as oxalic acid, acetic acid and formic acid or inorganic acids such as sulphuric acid and nitric acid, according to a pathway of methylparathion degradation proposed by Vlyssides et al. [2] .
[ Fig. 9] 
Mineralization of methylparathion
To study the mineralization of methylparathion in this photocatalytic reaction, a set of experiments of methylparathion degradation with an initial concentration of 20 mg l -1 (DOC = [ Fig. 10 ]
In order to elucidate the mineralization pathways for the degradation of methylparathion, a detailed investigation was carried out using 1% Bi-TiO 2 for 180 min. During the reaction, samples were collected and analyzed for concentrations of methylparathion, DOC, nitrate ion, and sulphate ion. The normalized experimental results are shown in Fig. 11 . It can be seen that methylparathion almost disappeared at 90 min. However, although the DOC concentration in the solution decreased significantly during the photoreaction from the initial value of 7.3 mg l -1 , 47%
of the initial DOC still remained. After 120 min, methylparathion was completely degraded, whereas DOC had 38% leftover. It is clear that the disappearance of the reactant was considerably faster than the mineralization process. The experimental results also confirm that the decomposition of methylparathion proceeded by a nitrate and sulphate release pathway. After 180 min, conversion of nitrogen (N) and sulphur (S) from organic forms into inorganic products was achieved by 68% and 84%, respectively, whereas the conversion of carbon (C) was by 74%
with 26% of DOC remaining. These results indicate that the conversion of carbon, nitrogen and sulphur was ranked from high to low as S > C > N during this photocatalytic reaction. The pathway proposed by Vlyssides et al. [2] also illustrates the sequencing steps of methylparathion degradation reaction, in which sulphate formation occurs at an earlier stage than nitrate formation.
[ Fig. 11 ]
Conclusions
A series of bismuth-deposited titania samples were prepared, well-characterized, and then employed for the photodegradation of methylparathion under UV-A radiation. The photocatalytic degradation of methylparathion in aqueous solutions was further promoted by the Bi-TiO 2 photocatalysts, compared with neat TiO 2 alone. The doped bismuth was shown to be present in the 3+ oxidation state by XPS, and to exist in pores or on the surface of the TiO 2 as regions of positive sites comprising Bi-O polyhedra. The optimal content of Bi 3+ doping for photocatalysis was in the regime between 0.7 and 1.5%. The ability of the Bi-O sites to act as electron traps was not only illustrated in the photocatalysis experiments but also in the photoluminescence study. In summary, it has been demonstrated that methylparathion was 14 effectively degraded in aqueous Bi-TiO 2 suspension to an extent of 97% within 120 min, whilst DOC was also converted into CO 2 with the high proportion of up to 62%. This study confirms the potentialities of heterogeneous photocatalysis to decontaminate wastewaters containing organic pollutants, which are often toxic for bacteria in biological treatments. The present findings can be valuable in designing in-situ treatment of pesticide-contaminated water and wastewater. 
